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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECENICAL NOTE 2470

EFFECT OF AN AUTOPILOT SENSITIVE TO YAWING VELOCITY
ON THE LATERAL STABILITY OF A TYPICAL
HIGH-SPEED AIRPLANE

By Ordway B. Gates, Jr., and Leonard Sternfield

SUMMARY

A theoretical invegtigation has been made to determine the effect

on the latersl stebility of a typical high-speed fighter airplane of an
autopilot sensitive to yawing velocity. The effects of inclination of

the gyro spin axis to the flight path and of time leg 1n the sutopllot

were also determined. The flight conditions investigated included
landing at sea level, approach condition at 12,000 feet, and cruising at
50,000 feet at Mach numbers of 0.80 and 1.2. The results of the inves-
tigation indicated that the lateral. stability characteristics of the
alrplane equipped with this autopilot should satisfy the period-damping
criterion. Airplane motions subsequent to a disturbance 1n sideslip
are presented for several representative flight conditions in which a
time lag in the autopilot of 0.10 second was assumed.

INTRODUCTION

Recent flight tests of sircraft designed for transonic and super-
sonic speeds have indicated that poorly damped lateral oscillatlons are
encountered. A means for providing adequate damping of such oscillations
is therefore desirable. The results presented in reference 1. show that .
the damping of the lateral oscillatlion of an alrplane can be lmproved by
use of automatic stabilization, and the type of autopilot which resulted
in the greatest improvement in damping wes found to be one which appliles
rudder control proportional to the yawing angular veloclty. BSuch an
autopilot was installed in the Boeing XB-47 and, according to reference 2,
the flight tests of this alrplane with the autopilot installed indicated
an increase in the demplng of the lateral oscillation. The purpose of
the present investigation 1e to determine the effect of thig type of
autopilot on the lateral stability of a typical fighter airplane desgigned
for trensonic and supersonlc gpeeds. :

L
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The effects on the lateral stability characteristice of inclination
of.the gyro spin axis to the flight path and of time lag in the auto-
pllot system are also discussed. The results of the investigation are
presented in the form of motions subsequent to an initlal disturbance in
sldeslip and plots of the time to damp to half-amplitude and the perlod
of the oscillation for different flight conditions.

SYMBOLS AND COEFFICTENTS

¢ angle of roll, radians
¥ angle of yaﬁ, radlans

angle of sideslip, radians (v/V)

T,V yewing engular velocity, radians per second (dy/at)
p,@ rolling angular velocity, radians per second (dg/dt)

v gideslip velocity along lateral axis, feet per second
Vv airspeed, feet per second

o] mass density of air, slugs per cublc foot

q dynaemlc pressure, pounds per square foot- (%pV2>

b wing span, feet

Sy wing area, square feet’

Sp auxiliary-control-surface area

SR rudder ares

W weight of sirplane, pounds

m mass of airplane, slugs (W/g)

g acceleration due to gravity, feet per second per second
by relative-density factor (m/pSyb)

€ angle between longitudinel body axls and principal axis,

positive when bedy axis is above principal axis at nose,
degrees
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Kyz,

inclination of principal longitudinal axis of airplane with
regpect to flight path, positive when principal axis is
above flight path at nose, degrees (a - ¢)

angle of flight path to horizontal axis, positive in climb,
degrees

radiug of gyration 1in roll sbout principal longltudinal axis,
feet

radius of gyration in yaw about'principal vertical axis, feet

nondimensional radius of gyration in roll about principal
longitudinal axis (kxolla

nondimensional radlus of gyration in yaw about principal
vertical axis (kzo /b)

nondiﬁensional radius of gyration in roll about longitudinal

2
stability axis (V%ko cosen + Kzozsinen
nondimensional radius of gyration in yaw about vertical

stability axis (l/KZOQCO'szn + Kx0251n2n>

nondlmensional product-of-inertis parameter
2 2
((Kzo - Kko )sin n cos n)

trim 11ft coefficlent (F—%)—B—Z)

rolling-moment coefficient (Rollinggmomenf)
q

awing moment)

yewlng-moment coefficient (Y
aSb

lateral-force coefficient (Lateraé force)
3 ,
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CY =?E! CY I.BEI
P b r rb
3% 5y

time, seconds

nondimensional time parameter based on span (Vt/b)

differential operator (Eg—)
8p

periocd of oecillation, seconds

time for amplitude of oscillation to damp to one-half its
original wvalue ) _

time for amplitude of osclllation to double 1ts orliginal value

real part of complex root of characteristic stability equation

angular frequency, radlans per second

7\,=ai'i(bs
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time lag between signal for control and its actual motion,
seconds

deflection of the auxiliary control gurface, radians

control-effectiveness parameters

angle of attack with respect to longitudinal body axis, degrees
(see fig. 1.)

inclination of gyro reference axis to longitudinal body axis,
degrees (See fig. 1.)

inclination of gyro reference axis to longitudinal stability
or flight-path axis, degrees (See fig. 1.)

increment of Cnr due to the autopilot
increment of Cpy due to the autopilot

increment of Cjy,, due to the autopilot

. increment of Clp due to the autopilot

yawing velocity about an axls perpendicular to gyro reference
axis, radians per second (%GA = ¢SA cos & + ¢SA sin §)

(wa)G-A = % "I'G_A = D‘b\VSA cos § + D'b¢SA gin ¢

K

CLﬁ A

38,
control gearing ratio | —=
o¥ /ea

1ift per unit deflection of suxiliasry control surface
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1 distance from center of gravity of asirplane to center of
pressure of auxiliary control surface, feet

h distance from airplane longltudinal body axis to center of
pressure of auxiliary control surface, feet

Subscripts:

GA eutopilot, gyro axis

SA gtabllity axis

BA airplane body axis

A - muxilisry control surface

R rudder

ANALYSIS

Equations of motion.- The linearized equations of motion, referred
to stabllity axes, for the condition of controls fixed are:

Rolling

2hp (szDb2¢ * szDbe'*') = CygP + %_Czprfé * %'Czrwa
Yawing

| aub(xzznb% . KXZD-D2¢) = Cngh + 2 Co Db + % Cn DV
Sideslipping

+

2|J,b<D-bB + qu;) = Cygh + 5 Oy Dub + Opf + 5 Oy Db + (CL ten 7)¥
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As A8
When ¢oe °0 15 substituted for ¢, ¥ e " for v, and Boe ©

for B 1in the equations written in determinant form (where ¢o: Yos

and B, refer to the constant coefficients in the solution for @, ¥y
and B, respectively), A must be a root of the stability equation

L

AT+ B + M2+ DL+ E =0 (1)

where
of o 2o 2 |
B = -2y (EKX Ky Oy, + Kxgcnr + Kp20q, - 2szacafﬁ - KyzCip - KXZCn'p)
C = w (K20, Cy. + MK, 2Cp. + K,°C + 3o ¢, - KpC -
b\ Cn,Org * MRy Cng + KzCo lyy + 300 Co = %xeCy, Cyg
1
MipKezCyy - 5 Co 1y, - Cu k20t + KioCnCry - K, Oy C1 5 -
KXECY Cn + KXZCY CZ )
r g r’pg
2y, C1 Kz °Cq . 2ubI§X2ancL ten 7 + BuizCy Oy, tan 7 + E1.0ng0r,, -
a.C1 0y - 1 Cngly. *+ 1 C1,C
oy ZB p £ l,."ng*Yy ny- 1Yy

c,.C

E = ]E-CL(cnrczB - Cy; nﬁ) + %CL tan 7<C7'Pcn3 - CnPCZB)



8 , NACA TN 2470

The damping and period of the lateral oscillation in seconds are
given by the equations

0.693 b

0693 b <0
T1/e eV a<
_0.693 b
T2 == ¥ al> 0
p=628D
w v

where & and ®g; are the real and imaginary parts of & complex root
of stability equation (1). . - .

Stability derivatives contributed by autopilot.- In order to analyze
the effect on the lateral stability of an alrplane of installing an auto-
pilot sengitive to rate of yaw, the derivation of equations describing
the increments to the stability derivatives which must be included in
the equations of motion ls necessary. The system of axes employed in
the derivations is shown in figure 1. Since the equations of motion are
derived with respect to the stability axes, the autoplilot derivatives
must also be related to the stability axes. The autopilot, through use
of an suxiliary rudder surface, lntroduces a yawlng moment-about the
vertical beody axis and a rolling moment about the longitudinal body axis,
both of which are proportional to the rate of yaw with respect to an
axls perpendicular to the gyro reference axis; that is,

.

98,

Ca)an = Cug,® = Ons, m@b“’)

88 5
ton S ont)an "0

(CZ)BA = 015A§A c

Now,

(va)GA = CDb*)SA cos ¢ + (Db¢98A sin ¢
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(Cﬁ)SA = (Cn)BA cos a - ('CZ>BA sin «

(CZ)SA‘ = (CZ)BA cos a + (Cn)BA sin a

Therefore, by substitution

o'l

FS—wa)SA cos & + (Db¢)SA sin g]

(Cn)SA = (CnBA cos a - CZSA gin a)K

—

_ | v
(CI)SA = (CZBA cos @ + Cpg, #in <:L)KE (Dbﬁr)SA cos £ + (Db¢)SA sin g]
SA ..
where K = . The angles ¢ &and o are assumed to be smell. Thus ’
3(¥)ea '

the usual simplification is made that the sine of a small angle is equal
to the angle in radians and the cosine is equal to unity. The preceding

equations therefore become
\

Can = (Gt - 10} 0w + H(0o8)g,

r (2)

_TDW)SA + e(nb%

olg

) = (ClsA + qcnaA)K

Equations (2) may be written in the form

a.”n acn
(Cn)sa = N ‘V)SA(wa)SA NEI ¢)SA(D"D¢)SA

C)an = ok (y¥)en + oL (0y9)
/g 5oV )en SA e SA
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vhere
acn v 1
—2 kil -ac,, V=20
3(Dy¥) sa 5 Cooy - 018,) 7 2 P,
oC
n K Yfcn, - acy, V& =2 a0,
b\ “8a & 2 p
3(Dpf)gn ( )
oCq v 1
=K ofcya +aC, =2 A0y
oot B " ) 7E
aCy v 1
—t ko, +aCy \E =340
3(opf)sa b( °A nsA) ¢
Thus
~
Ay = 2K K(cnaA - “ClaA)

> (3)

B
)
n
\Y}
o]
Q
o~
4
+
&
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The control effectiveness parameters CnSA and Cza' of the auxiliary
- TCA

rudder surface are given by the expressions

\ A\l
C. = -c. Al
nSA LBA W b
(&)
CZ =C _Sé}_l—-_.c 1
Ba Lap Sy b Ty

Values for the derivative CL§A were estimated from unpublished theo-

retical results based on the Welssinger lifting-surface theory. When
these expressions for CnBA and CZSA are substituted in equations (3)

the following equations result:

1

'\
v Sp 1 ho!
Ap =-2kY¥o CALlf1,ha
Or b LSASWb( 1) ’
S.
v Al ho
= PK XL C i L 1 ] =
~ (5)
acq, =-k¥e, ALl R
S
Ny =2k Vo AL -Ll)-_-
bp b LSASWb§<a s g
-

The values of the derivetives Cnr: Cnp, Czr, and CZP which sppear

in the stability equations must be modified therefore to include_thé
increments ACnr, ACDP, ACZr; and ACZP.

For this investigation a further agsumption has been made that the
center of pressure of the auxillary surface 1s located a negligible
distance from the fuselage center line; that is, h 1s approximately
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equal to zero. Also, the product Ea 1is considered to be of second
order and terms involving this product have been neglected.

Equations (5) become therefore:

~
s
v Al
Mnr=_2KECL8A§-E
. v Sp 1
Mo = -2 5 Oy 5y 5 8= ¢ ¥y
~ (6)
s
v Al
A, =-2XKYeop Lla=an
L -2 it
ACI =O
i . - </

The derivative CLBA is algebraically positive; therefore, when ¢ 1s

a negetive angle (that is, for the gyro reference axis below the flight
path), ACnp is positive. Similarly, when o 1s negative, aczr is

positive. "It will be shown in a subsequent section entitled "Results
and Discussion" that the term AClr hag only a negligible effect on the

demping of- the lateral oscillation of the airplane and was therefore
omitted in the analysis. ’

If the location of-the auxillery shrface ia such as to make the
agsumption h = 0 invalid, the increments to the stability derivatives
ghould be calculated from equations (5).

RESULTS ARD DISCUSSION

The present investigation wes undertaken to determine whether an
autopilot sensitive to rate of yaw would satisfactorily improve the
inherently poor laterel stebility characteristics of a typical high-
gpeed fighter airplane. The motlon in sideslip of such an alirplane sub-
sequent to & rudder deflection of 10° in flight for a simulated landing
condition at 12,000 feet is shown in figure 2. The landing gear
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and flaps were extended. The mass and aerodynamic characteristics for
this flight condition and other conditions considered to be representa-
tive of this type of aircraft are presented in teble I. The motion of
figure 2 1s approximately undamped CTl/g = 100 sec) and has a period of

2.5 seconds.

If the assumption is made that the autopilot gyro axis is alined
with the longitudinal stebility axlis, the autopllot effectively only
introduces the derivetive ACnr. As indicated in a previous section

entitled "Stability derivatives contributed by autopilot," the expres-

8
sion for ACy, i1s a function of two paremeters, §£ and the control
W

gearing ratio K, which may be arbltrarily selected by the designer.
It was therefore necessary first to determine the value of ACp,. which

would glve satlsfactory lateral stability and then to determine the
S
combinations of §% and K which would result in that prescribed value

The criterion for satisfactory lateral stability as specified in
reference 3 is shown in figure 3. The time required for the emplitude
of the oscillation to be reduced to one-half its original value Tl/2

is plotted against the period P. For the flight condition described
previously, the value of Cnr = =1.0. The period-damplng relationship
of the airplane for this value of Cn, 1s located on the unsatisfactory

side of the boundary. The period for the baesic flight conditlon, as
pointed out before, is 2.5 seconds and Tp/p 1s &bout 100 seconds.

When Cp . was increased to -2.0, that is, ACp, = -1.0, the period-

demping relationship almost exactly satisfied the criterion. For
ACp,, = -2.0, the relationship is such as to fall well into the acceptable

range. Thus, for ACp, = -1.0 or -2.0, the period-damping relationship
of this airplane would be satisfactory.

A theoretical analysls was made therefore to determine the amount
of auxiliary area necessary to give these increments of Cn, for dif-

ferent gearing ratios of the autopilot. The results of this analysis
Sp

are presented in figure 4. The ratio = has been used as an ordinate
R
» SA -
instead of —, since a part of the rudder surface 1ls assumed to be

used as the suxiliary control surface.’
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The combinations of gearing ratio and auxiliary area which would
result in a Acnr = -2.0 for the previously described flight condition

(condition I, table I) are given by the curve ACnr = -2,0. For the

gearing ratio of 2 to 1 which was selected for the subsequent analysis,
the required arees is approximately 20 percent of the rudder area. This
gearing ratio of 2 to 1 means that the auxillary surface will be
deflected 2° for a rate of yaw of 1° per second. For the rates of yaw
encountered on this alrplane, this velue for the gearing ratio is reason-
able, The value of ACnr obtained by use of a specific auxiliary

surface will be different for other flight conditions since 1ts magni-
tude varies directly with airspeed. (See equation (6).)

Effect of inclination of the gyro axis.- The assumption was made in
the preceding analysis that the autopilot gyro axls wes alined with the
flight path or longitudinal stability axis. Since the equations of
motion are derived with respect to the stability axes, the autopilot was
in effect increasing only the stability derivative Cpn,.. For this type

of autopilot the angularity between the longitudinal body-axis and the
gyro spln axis, once fixed, 1s preserved for all flight conditione and
therefore the gyro axis is alined with the flight path for only one angle
of attack.

For any flight condition where the gyro axis is not alined with the
flight path, that 1s, ¢ # 0, the autopilot 1s sensitive to both yawing
and rolling velocities about the stability axes. Hence, an increment to
the yawing moment proportionsl to rolling velocity about the stability
axes must also be introduced into the equations of motion. This addi-
tional yeawing moment due to rolling velocity i1s in effect an increment
in the stebility derivative Cnp.

This derivative Cnp has been shown to have an important effect on

the damping of the lateral oscillation (references & and 5). If Mny,

is algebraically positive it will have a stabilizing effect provided it--
is not allowed to become excessively large. If ACnP becomes too large

& positive quantity, another oscillation which becomes less stable with
further increases in ACnP wlll be introduced.

Calculations taking into account the derivative C were mede for

the four flight conditlions described in teble I in order to determine a
value for the angle @ (see fig. 1) which would be satisfactory throughout
the range of likely flight conditions. KNumerous values of the angle o
were Investigated and the results are presented in figure 5. The period
of the oscillaetory mode P and the time to demp to half-amplitude T1/2
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in seconds are plotted against the angle ¢ 1in degrees. Tor the flight
condition at 12,000 feet (fig. 5(a)) the damping of the original oscil-
latory mode, denoted by (Tl/E)l: continues to improve as ¢ 18 increased

in the positive direction. The period of this mode increases slightly

as ¢ is increased to 29, but beyond this value it becomes somewhat less.
For a value of ¢ approximately equal to 2° a second oscillatory mode

is introduced into the system. The damping and period of this mode are
shown as (Tl/g)_2 and Pp, respectively. For ¢ > 2° this second

oscillation becomes rapidly less stable and for ¢ > 8° +this mode is
unstable. The perilod of this second oscillation at first decreases,

but for ¢ > 3° the trend 1s reversed and the period becomes longer

for further increeses in ¢. The formation of this second oscillation
end its subsequent decrease in stability with increeses in ¢ 1s due

to the large positive values of the derivative ACnP. The perlod of this

second oscillation is, in general, much longer than that of the original
osclllation.

For the landing condition at sea level (fig. 5(b)), the demping of
the lateral oscillatlon continues to improve with increases in &, while
the period lncreases only very slightly. For the range of ¢ invesgti-
gated a second oscillation was not introduced. The results for the sub-
gonlc condition at 50,000 feet are shown in figure 5(c). As & is
increased, the damping of the original oscillation improves conslderably;
while the period of this oscillation is relatively unchanged. For ¢ > 5°
a gecond oscillation is Introduced which becomes rapidly less stable for
further increases in ¢. The period of this mode continues to decrease
for the range of ¢ 1investigated. For the supersonic condition at
50,000 feet (fig. 5(d)), the same trends are noted for the oscillation
which is present for ¢ = 0° as were noted for the same oscillation in
the subsonic condition; that is, the damping becomes greater as ¢ 1s
increased and the period is relatively unchanged. For & > 50, a second
oscillatory mode again is introduced which becomes less stable for
larger values of ¢. The results shown in these figures indicate that
the demping of the lateral oscillation will be satisfactory for all the
conditions discussed i1f ¢ is between 0° and 5.2°.

Effect of time lag in the autopllot on the airplane motions.- An
experimental frequency-response investigation of an autopilot similar
to the one discussed in this paper indicated that the assumption of a
constent time lag may be justified. The time lag for the experimentsally
investigated autopilot was found to be less than 0.10 second. The effect
of & time lag in the autopilot of 0,10 second on the lateral stability
of the alrplane was determined by the methods of reference 6 snd was
found to be negligible. In order to verify thils result, the airplane
motion in sideslip subsequent to a disturbance in sideslip of 5° was
calculated for each of the flight conditions discussed previously and
&' time lag of 0.10 second was taken into account., The motions, which
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were calculated by using a step-by-step procedure, were obtained for

two values of the angle ¢, -2° and 50, and the results are presented

in figure 6, The values of T1/2 and P ag determined from these .
curves are almost identical with the value for the corresponding flight
conditions as shown in figure 5 for which zero time lag was assumed.

For ¢ = 5.29, the presence of & secondary oscillatory mode can be

detected in the flight condition at 12,000 feet and in the high-speed

condition at 50,000 feet. Also, for ¢ = -2°, the damping of the oscill-

ation for the landing condition at sea level and the subsonic case at

50,000 feet barely satlsfies the damping criterion of reference 3.

Effect of ACj3,.- The autopilot derivative ACzr wes dlscussed in

a previous section and was assumed to be negligible in the present—— o e
analysis. In order to Justify this assumption, the motion for ¢ = 5.29
for the subsonic case at 50,000 feet was calculated by taking into

account the derivative AC;_  as defined in equations (6). Points on

the resulting curve are ghotm in figure 6 for condition III. It is readily
geen that the derivative ACIr has no effect on the motion for this

case.

Additional calculations.- The agsumption was made in the previous . -
analysis that. the center.of pressure of the auxiliary surface was located

on the.fuselage center l1line, that 1s, % = 0. In order to determine the

effect of locating the surface at a positlon above the fuselage center
line, some additionel calculations were made for the center of pressure
of the surface 6 feet-above the fuselage center line Q% = O.EM). Several
inclinations of the gyro spin axis were linvestigated for each of the
flight conditions discussed previously and the lncrements to the stability
derivatives Cnps Cp s Czr, and C,  were calculated from equa-

tions (5). A comparison of the values of T1/o and P obtained for T

these two center-of-pressure locatlons is presented in table ITI. The
values of ACnr and ACDP were assumed to be the same for both center-

of-pressure locatlions for each gyro-axis inclination since the term %E

in equations (5) is negligible when it ig compared with unity. In .
general, the results for both center-of-pressure locations show the same

h )
trends. For ¢ = 0.24 the epirsl mode (Tl/z)l is less stable than

was lndlicated by the results for % = 0. The formation of the second

osclllatory mode for each condition investigated occurs at higher values
of ¢ for the high center-of-pressure location than for the cases where

h_ 0. The decreasé in spiral stabllity is due primarily to the large

b
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positive values of AC;.; whereas the deley in the formation of the
additionsel oscilllatory mode is due to both the large positive value
of ACZ and the negative values of ACZP' For the values of ¢ which

resulted in small values of ACZ , the period and damping of the oscil-
atory mode were only slightly affected even though ACZ wag large.

For example, the value of ACI for condition IV is gpproximately temn
times as large as the Ci, of the airplane, but for ¢ = 2°, where

Aczp = -0.03, the only significant effect is on the splral stability.

The general effect of locating the surface sbove the fuselage center

line is to shift the curves of figure 5 along the ¢ exis in the posi-
tive direction. As a result, the range of ¢ for which the stability
of the lateral oscillation will be satisfactory is extended to lnclude

higher values of ¢ +than for the case of % = 0. For this particular

center-of-pressure location, an inclination of the gyro axls of as much
.ag 10° will result in satisfactory stability.

CONCLUSIONS

The following conclusions were reached from a theoretical anslysis
of the effect on the lateral stability of a typical high-speed airplane
of an autopilot sensitive to rate of yaw:

1. The damping of the lateral oscillation of the airplane studied
for all the flight condlitions dliscussed should satisfy the Air Force -
Navy criterion when the proposed autopilot is installed.

2, Vhen the effect of a rate gyro on the latersl stability of a
particular airplane is analyzed it is important to take into account
the inclinstion of the gyro spin axis to the flight path. For the case

of h. = 0, values of @ between 0° and 5° were satisfactory for the
configurations considered; whereas, for h- 0.24, values up to 10°
resulted in satisfactory stability.

3. A time lag in the autopilot of 0.10 second had a negligible
effect on the calculated lateral stability of the alrplane analyzed.

Langley Aeronsutical Laeboretory
National Advisory Committee for Aeronsutics

. Langley Field, Va., June 27, 1950
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TABLE T
MASS AND AERODYNAMIC CHARACTERISTICS OF A HIGH-SPEED

AIRPLANE AT VARIOUS FLIGHT CONDITIONS

Condition

I IT III Iv
Altitude, ft 12,000 0 50,000 50,000
W/Sy, 1b/sq ft 53 53 53 53
Sy, sq ft 175 175 175 175
b, ft 25 25 25 25
p, slugs/cu ft 0.001648 | 0.002378 | 0.000361 | 0.000361
V, ft/sec 458 235 776 1169
Mach nunber 0.43 0.21 0.80 1.2
1/ 0.80 0.80 0.80 0.80
7, deg -19.2 o] 0. o]
Cr, 0.29 0.80 0.%9 0.22
My, Lo 7.7 182 182
Ky 0.0181| 0.0156| 0.0156| 0.0159
KZ2 0.153. 0.156 0.156 0.155
Kyo, -0.0186 0 0.002 -0,006
n, deg -8.5 0 0.85 -2.55
€, deg 5.2 5.2 3.35 3.35
CZP: per radian -0.33 -0.3 -0.33 -0.33.
Cy,» Per radian 0.37 0.35 0.23 0.15
Cnp, per radian 0.22 -0.05 -0.05 -0.01
Cpp.» Per radien -0.98k {.  -0.77 -0.69 -0.67
cYb’ per radian 0 0 0 0
CY}’ per radiasn 0 0 o] 0
CYB’ per radian -0.79 -0.59 -0.58 -0.57
CnB, per radien 0.k 0.29 0.25 0.23
CZB’ per radian -0.23 -0,17 -0.18 -0.11
a, deg -3.3 5.2 4,2 0.80
g, deg -3.3 - & 5.2 -0 “'02 - Q o.8 -
K . 2 2 2 2
CDSA’ per radisn -0.027 -0.027 -0.027 -0.027
s 0.20 0.20 0.20 0.20
Sr




TARTE IT

COMPARTSON OF PERTOD AND TIME TO DAMP TO ONE-HALF AMPLITUDE FOR TWO

CENTER-OF-PRESSURE LOCATIONS OF THE AUXILIAKY SURFACE

h_q. I
F_o,mlr-mlp.o . E=c.al+
‘Oacillaticns Oscillationg
Condition AC &0 T /2 T T T /o o A
& ne | Loy | (F2/2)2 (T1/2)2 ne | P (1/2)1 (T )e | iz P
I -2.0|-1.98| 0.0h5 | 1.50 .26 | 1.06 2.801 3.48 c.2h |1.29| 2.52 [ 0.7 |-0.016
2.0 |-1.98] .iB3| ---- — {:gﬁ g:;" 3.1h 5 11.07T | 2.73 L -.065
6.0 -1.981 .320| -—em ] e .{3:?2 7:09 2.67 26 | .89 3.3 | | -5
; 8.28 ’ 1,25 | 11.
10.2 ]-1.98} 66| ---- — .32 | k@2 {;65 — —— 381 &1 LT =167
IT -2.0 [~1.01| -.127}{ 3.2% .32 k.50 3.27 5.24 3% (3.83 | 3.20 .21 .027
5.2 |-1.01|0 2.70 34 | 3.20 3,50 k.69 34 2,77 | 3.L4 2|0
10.2 [-1.0L| .089 | 2.26 .37 2.80 3.60 & ol 35 |2.15 | 3.60 o1 | -.019
IIT -2.0 |-3.35] -.363 3.91 43 k.10 2.83 5.20 45 19.65| 2. .76 o8
2,0 1-3.35 1 -,190 1 2,64 .58 1 2,17 2.08 k.09 L2 13.15 1 3.12 1 .78 .00
6.0 -3.35| .105| --—-- —— i; 2;:5 2.87 61 |1.72 | 3.33 76 | =024
10.2 |-3.35| .3%5L| ~-—- ——— {3:86 1;:713 ———— J— }gg 2;":2 76| -.08
v 2.0 | -5.05 | -.25%7 e .30 97 2.55 8.5 .38 .96 1 2.30 | 1l.h% 071
2.0 }-5.05| .106 | 2.18 57 .61 2.6 6.8z b | L0 | 209 1.4k ] -.03
6.0 {-5.05} 48| —on | ——— 'T,‘g 13& 5.20 55 | 52| 2.2 [1.e | -.13
10.2 |-5.05| .810 | --—- e | 436 900 1';’3} 2.61 | 1.25 | .50 | 3.83 |1.hk | -.03

0Lw2 NL YOVN
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Body axis

Gyro axis
_i"' Flight path
ﬁiqninppf

Figure 1l.- System of axes used in analysis of stability derivatives contri-
buted by autopilot. Arrows denote positive directions.
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Figure 3.- Effect of Cnr on the damping of the lateral oscillation of

the high-speed fighter airplane.
The preriod-demping criterion of reference 3 is superimposed.

Condition I.

(See table I.)
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Figure 4.- Combinations of auxiliary surface area and autopilot gearing
ratios necessary to obtain various amounts of Mg,
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(2) Flight condition I. Velocity, 458 feet per second; altitude,
12,000 feet.

Figure 5.- Variation of period and damping of the lateral oscillation
of the airplane with autopilot-gyro-axis inclination.
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(b) Flight condition II. Velocity, 235 feet per second; altitude,
sea level,

Figure 5.- Continued.
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(c) Flight condition III. Velocity, 776 feet per second; altitude,
50,000 feet.

’

Figure 5.- Continued.
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(d) Flight condition IV.

50,000 feet.

Figure 5,- Concluded.

Velocity, 1169 feet—per second; altitude,
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